ABSTRACT
Atmospheric levels of CO 2 are commonly assumed to be a main driver of global climate. Independent empirical evidence suggests that the galactic cosmic ray flux (CRF) is linked to climate variability. Both drivers are presently discussed in the context of daily to millennial variations, although they should also operate over geological time scales. Here we analyze the reconstructed seawater paleotemperature record for the Phanerozoic (past 545 m.y.), and compare it with the variable CRF reaching Earth and with the reconstructed partial pressure of atmospheric CO 2 (pCO 2 ). We find that at least 66% of the variance in the paleotemperature trend could be attributed to CRF variations likely due to solar system passages through the spiral arms of the galaxy. Assuming that the entire residual variance in temperature is due solely to the CO 2 greenhouse effect, we propose a tentative upper limit to the long-term "equilibrium" warming effect of CO 2 , one which is potentially lower than that based on general circulation models.
CLIMATE ON GEOLOGICAL TIME SCALES
The record of climate variations during the Phanerozoic (past 545 m.y.), based on temporal and spatial patterns of climatesensitive sedimentary indicators, shows intervals of tens of millions of years duration characterized by predominantly colder or predominantly warmer episodes, called icehouses and greenhouses (Frakes et al., 1992) , respectively ( Fig. 1) . Superimposed on these are higher-order climate oscillations, such as the waning and waxing of ice sheets during the past 1 m.y. The recurring icehouse/greenhouse intervals were postulated to be a consequence of a plethora of causative factors, from celestial to planetary, including geographic distribution of continents, oceanic circulation patterns, atmospheric composition, or any combination of these. Lately, the consensus opinion favors atmospheric CO 2 as a principal climate driver for most time scales, from billions of years (CO 2 supergreenhouse, snowball Earth [Kasting and Ackerman, 1986; Hoffman et al., 1998 ]), to decadal and annual (Intergovernmental Panel on Climate Change [IPCC], 2001 ). Past climate variations should therefore correlate positively with coeval atmospheric pCO 2 levels.
For the Phanerozoic, estimates of atmospheric pCO 2 levels ( Fig. 1 ) are based on model consideration and proxy data. Presently, three such estimates exist: the GEOCARB III model (Berner and Kothavala, 2001 ) and its precursors, and the reconstructions of Berner and Streif (2001) and Rothman (2002) . These reconstructions rely, to a greater or lesser degree, on the same isotope databases of Veizer et al. (1999) . However, they produce internally inconsistent outcomes and the curves do not show any clear correlation with the paleoclimate record.
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The poor correlation of the modeled p CO 2 with the observed Phanerozoic climate trends (Frakes et al., 1992; Veizer et al., 2000; Boucot and Gray, 2001 ) suggest either that the pCO 2 models may be in need of improvement, or, if one of them is validated, that the CO 2 is not likely to be the principal climate driver. In that case, what could be an alternative driving force of climate on geological time scales?
Decompositions of the δ 18 O and paleoclimate trends 1 (Veizer et al., 2000) display a dominant cyclic component of ~135 ± 9 m.y. For δ 18 O, this is regardless of the temporal resolution (on m.y. time scales) adopted for deconvolution of the signal. There are no terrestrial phenomena known that recur with this frequency, particularly taking into account the regular near-sinusoidal fashion (Fig. 1; Wallmann, 2001) of the δ 18 O data. This regular pattern implies that we may be looking at a reflection of celestial phenomena in the climate history of Earth.
CELESTIAL CLIMATE DRIVER
Growing evidence, such as the correlations between paleoclimate records and solar and cosmic ray activity indicators (e.g., 10 Be, 14 C), suggests that extraterrestrial phenomena are responsible for at least some climatic variability on time scales ranging from days to millennia (Friis-Christensen and Lassen, 1991; Tinsley and Deen, 1991; Soon et al., 1996; Svensmark, 1998; Beer et al., 2000; Egorova et al., 2000; Soon et al., 2000; Björck et al., 2001; Bond et al., 2001; Hodell et al., 2001; Labitzke and Weber, 2001; Neff et al., 2001; Todd and Kniveton, 2001; Pang and Yau, 2002; Solanki, 2002) . These correlations mostly surpass those, if any, for the coeval climate and CO 2 . Empirical observations indicate that the climate link could be via solar wind modulation of the galactic cosmic ray flux (CRF) (Tinsley and Deen, 1991; Svensmark, 1998; Marsh and Svensmark, 2000; Todd and Kniveton, 2001; Shaviv, 2002a Shaviv, , 2002b because an increase in solar activity results not only in enhanced thermal energy flux, but also in more intense solar wind that attenuates the CRF reaching Earth. The CRF, in turn, correlates convincingly with the low-altitude cloud cover on time scales from days (Forbush phenomenon) to decades (sun spot cycle). The postulated causation sequence is therefore: brighter sun ⇒ enhanced thermal flux + solar wind ⇒ muted CRF ⇒ less lowlevel clouds ⇒ less albedo ⇒ warmer climate. Diminished solar activity results in an opposite effect. The apparent departure from this pattern in the 1990s (Solanki, 2002 ) may prove to be a satellite calibration problem (Marsh and Svensmark, 2003) . The CRF-cloud-coverclimate link is also physically feasible because the CRF governs the atmospheric ionization rate (Ney, 1959; Svensmark, 1998) , and because recent theoretical and experimental studies (Dickenson, 1975; Harrison and Aplin, 2001; Eichkorn et al., 2002; Yu, 2002; Tinsley and Yu, 2003) relate the CRF to the formation of charged aerosols, which could serve as cloud condensation nuclei (CCN), as demonstrated independently by ground-based and airborne experiments (Harrison and Aplin, 2001; Eichkorn et al., 2002) .
Despite all these empirical observations and correlations, the solar-CRF-climate link is still missing a robust physical formulation. It is for this reason that such a link is often understated (IPCC, 2001 ), but this may change when the advocated experimental tests (Kirkby, 2001 ) are carried out. The only solar-climate mechanism that presently has a robust understanding, is change in the integrated solar luminosity, but the centennial increase in solar constant (~2-4 W m -2 : Pang and Yau, 2002; Solanki, 2002) appears to have been insufficient to account for the observed 0.6 °C temperature increase (IPCC, 2001 ). An amplifier, such as the cloud/ CRF link, is therefore required to account for the discrepancy. Note, however, that a similar, albeit not as large, amplifier is implicit also in the CO 2 alternative, because the centennial temperature rise in these models is due mostly to the potential, and to some extent theoretical, positive water vapor feedback (Pierrehumbert, 2002) coupled with "parameterized" clouds, not to the CO 2 itself.
In view of the above empirical observations, could it be that the celestial forcing is the primary climate driver on most time scales, including the geological ones? The large stadial-interstadial temperature variations of the latest 420,000 yr, which in the ice cores correlate with 80 ppm variations in atmospheric CO 2 (Petit et al., 1999) , appear to argue against such an alternative. One should note, however, that it is not clear whether the CO 2 is the driver or is being driven by climate change, particularly since the CO 2 appears to lag by centuries behind the temperature changes (Petit et al., 1999; Fischer et al., 1999; Mudelsee, 2001; Monnin et al., 2001; Caillon et al., 2003; Clarke, 2003) , thus potentially acting as an amplifier but not as a driver. Can the geological record shed more light on this conundrum?
Unlike the past century, where solar activity, atmospheric CO 2 , and global temperatures were predominantly increasing, and unlike the ice cores with their unresolved cause and effect relationship of CO 2 and climate, the situation over the Phanerozoic is different, with all three variables exhibiting a non-monotonic behavior. This may enable decomposition of the global temperature changes into contributions from CO 2 , CRF, and a residual. It may also help to settle the causative sequence because celestial phenomena cannot be driven by terrestrial forcing. Moreover, the inherent time scales required for the global climate system to reach equilibrium can be as large as several millennia, owing to the slow heat exchange between the oceans and the atmosphere, and to the slow ice sheet adjustment time. Thus, by estimating the effects of CO 2 over geological time scales, we may obtain the long-term "equilibrium" response of the global climate system.
Recently, Fields and Ellis (1999) and Shaviv (2002a Shaviv ( , 2002b proposed that the CRF reaching the planet has not only an extrinsic variability due to its attenuation by solar wind, but also an intrinsic one arising from a variable interstellar environment. For example, a nearby supernova could bathe the solar system with a higher CRF for many millennia, leave a detectable 60 Fe imprint in ocean-floor deposits, and perhaps even give rise to a "cosmic ray winter" (Fields and Ellis, 1999) due to increased cloudiness and planetary albedo. Shaviv (2002a Shaviv ( , 2002b proposed that a particularly large CRF variability should arise from passages of the solar system through the Milky Way's spiral arms that harbor most of the star formation activity. Such passages recur at ~143 ± 10 m.y. intervals, similar to the 135 ± 9 m.y. recurrence of the paleoclimate data (Veizer et al., 2000) . Unlike the extrinsic solar-induced CRF modulations, which change the ionization rate at the bottom of the troposphere by typically <10%, the galactic flux variations are much larger and are expected to be about an order of magnitude more effective. It is these intrinsic CRF variations that may be responsible for the long-term climate changes over the past 1 Ga. Specifically, the "icehouses" and the oxygen isotope cold intervals ( Fig. 1 ) appear to coincide with times of high CRF (Fig.  2) , as deconvolved from galactic diffusion models and exposure ages in iron meteorites (Shaviv, 2002a (Shaviv, , 2002b . The shorter-term annual to multi-millennial climatic effects, superimposed on this long-term baseline, would then reflect the extrinsic modulations of the CRF due to variable solar activity. Changes in orbital parameters and in solar and terrestrial magnetic fields may also potentially modulate this superimposed CRF-solar impact.
CORRELATION OF THE CRF AND PALEOTEMPERATURE DATA
In order to estimate the intrinsic CRF reaching Earth, we used a diffusion model that takes into account the geometry and dynamics of the spiral arms, and considers that cosmic rays are generated preferentially in these arms. We chose three sets of diffusion model parameters ( Fig. 2) 2 , which span the entire range of CRF histories that are consistent with observational constraints, the latter limiting the period of CRF oscillations to P 0 = 143 ± 10 m.y. (Shaviv, 2002a (Shaviv, , 2002b . Because the statistical record of exposure ages for iron meteorites has Poisson noise, the CRF histories we used are not directly extracted from it but they are the smoothed output of the galactic diffusion models constrained to fit the meteoritic record (see Shaviv 2002b for further caveats).
We model the temperature anomaly using the generalized form of:
where A, B, C, D, P 0 are normalization parameters used to fit the observed ∆T i . The constant A normalizes for the average ∆T while the term B × t describes a linear temporal trend in ∆T. A term of this form is expected due to the increasing solar luminosity during the Phanerozoic, but may also arise from a possible secular variation in the CRF reaching the solar system; for example, from a changing star formation rate. A contribution to this term may also arise from systematic errors in the detrending procedure of the δ 18 O data. The third term considers the possibility that CO 2 variations affect ∆T , but at this stage we assume that the term is zero and defer its discussion to subsequent text. The fourth term arises Figure 2 . The cosmic ray flux (Φ) and tropical temperature anomaly (∆T) variations over the Phanerozoic. The upper curves describe the reconstructed CRF using iron meteorite exposure age data (Shaviv, 2002b) . The blue line depicts the nominal CRF, while the yellow shading delineates the allowed error range. The two dashed curves are additional CRF reconstructions that fit within the acceptable range (together with the blue line, these three curves denote the three CRF reconstructions used in the model simulations). The red curve describes the nominal CRF reconstruction after its period was fine tuned to best fit the low-latitude temperature anomaly (i.e., it is the "blue" reconstruction, after the exact CRF periodicity was fine tuned, within the CRF reconstruction error). The bottom black curve depicts the 10/50 m.y. (see Fig.  1 ) smoothed temperature anomaly (∆T) from Veizer et al. (2000) . The red line is the predicted ∆T model for the red curve above, taking into account also the secular long-term linear contribution (term B × t in equation 1). The green line is the residual. The largest residual is at 250 m.y. B.P., where only a few measurements of δ 18 O exist due to the dearth of fossils subsequent to the largest extinction event in Earth history. The top blue bars are as in Figure 1 .
-----2 The observational constraints (for P 0 = 143 ± 10 m.y.) include the cosmic ray 10 Be age, and limits on CRF variations derived from iron meteorites. The three models that we utilize (Fig. 2) have a constant cosmic ray diffusion coefficient of D 1,2,3 = 0.1, 0.3, 1 × 10 28 cm 2 /sec, and a galactic scale height of l 1,2,3 = 0.5, 0.8, and 1.5 kpc, respectively. from the variable CRF Φ, where g(Φ) describes the functional dependence between ∆T and Φ, and D is the actual normalization. 3 All data (temperature, CRF, and the CO 2 discussed later) are binned into 10 m.y. intervals and averaged using a 50 m.y. window running average. This is because the temporal resolution of the isotope databases and the derivative pCO 2 models are in the 10 6 yr range, while that of the CRF is in the 10 7 yr range. Although Shaviv (2002a Shaviv ( , 2002b (Fig. 2) , we tested our models by minimizing the residual variance between the model ∆T model (t i ) and the observed ∆T i . We find that models that include solely the terms A and B result in a large σ min 2 of 95(°C) 2 . However, once the term D, the CRF normalization, is included, the σ min 2 reduces to 32-36(°C) 2 , in accord with the remarkable inverse correlation of CRF with the paleotemperature (Fig. 2) . The CRF alone can explain ~66% of the total variance in the temperature data. Can we further constrain the uncertainties in these models?
The only error on which we have a good handle is the statistical variance arising from the experimental δ 18 O data of Veizer et al. (1999) . From the internal variance of the δ 18 O data within the bins, we can calculate σ min 2 expected from this source of error. 4 This would be the minimum residual statistically attainable if we had perfect knowledge of all sources of climatic factors, exact CRF history, and no other error. This minimum variance, σ 18 min 2 , is found to be about 12(°C) 2 for models including the CRF. Thus, once we introduce CRF as a driver and remove the intrinsic δ 18 O measurement variance, we can explain 75% of the paleotemperature variability.
In addition to the δ 18 O measurement errors, additional errors may arise, for example, from translation of the δ 18 O data into ∆Ts that required assumptions on the ice sheet volumes (Veizer et al., 2000) , from an inaccurate CRF (e.g., inaccurate knowledge of spiral arm width, amplitude, and exact phase), or from additional factors that may affect the climate (e.g., CO 2 , continental geography, oceanic circulation). The magnitude of such a "compound error" and its statistics can be estimated by the bootstrap method. 5 Using this method, we can rule out a fluke correlation between the CRF and temperature at the 99.5% level. That is, we can
is defined such that g(Φ) = 0, 1 for Φ(t) = 0,Φ(today) respectively. Φ(t,P 0 ) itself is one of the three CRF histories used (Fig. 2) . Since theoretical estimates give a power 1/2 relation between ionization rate and CCN density (Dickenson, 1975; Yu, 2002) , we use the functional form of g(x) = x 1/2 -1. We also considered other powers, but found the results to change only marginally.
-----5 If we had a perfect model and knowledge of the errors, then the χ 2 of the fit should, on average, be the number of actual degrees of freedom. We therefore add errors quadratically to increase the error in the data until the modified χ 2 per degree of freedom is 1. If we further assume that the unknown measurement and model errors have a Gaussian distribution, we can estimate the errors in the fit parameters. To check the assumption of Gaussianity, we look at the distribution of the residual differences between the model and the best fit (model 6 in Table 1 ), and find that it is consistent with being Gaussian. (We expect 16.5 points larger than 1 "modified" σ, and find 15, expect 6.9 above 1.7 modified σ and find 4, and expect 2.4 above 2σ and find 3).
rule out with a high confidence level models that do not include the effects of a variable CRF. This conclusion rests on the reasonable assumption that at least one of the two "celestial" data sets with the apparent ~150 m.y. periodicity, the galactic spiral arm analyses or the iron meteorites exposure ages, is valid. While the above correlations are unlikely to be statistical flukes, we do emphasize that the data sets come with some caveats (see Shaviv, 2002b) . For example, although the variable meteoritic CRF signal is statistically significant, it could still be generated in 1.2% of random realizations. In another example, it appears that actually two spiral arm pattern speeds emerge from various astronomical analyses. While the number that fits the geological and meteoritic data is supported by a strong theoretical argument (Shaviv, 2002b) , the meaning of the second number is not yet resolved. Both numbers may be real, however, their meaning hinges on astrophysical considerations that are beyond the scope of this paper. 6 Armed with the above statistics, we can then place quantitative limits on the CRFclimate connection. We tested 11 models (see Table 1 ), varying each variable, to find the range of values that gives reasonable fits at the 68% confidence level. The normalization parameter D for all these models varied between 3 and 12 °C. Almost all the error in D arises because we have no good limit on the amplitude of the variation of the CRF itself, except for the lower limit of 2.5 for its maximum/minimum ratio (Shaviv, 2002b) . We also find an average spiral arm passage period of P 0 = 137 ± 4 m.y., or 137 ± 7 m.y. if we consider the "jitter" from the epicyclic motion of the solar system (i.e., the noncircular motion around the Milky Way). This is consistent with the meteoritic data showing a periodicity of 143 ± 10 m.y. and the paleoclimate and paleotemperature data with a recurrence at 135 ± 9 m.y. To further check for consistency, we artificially add a lag to the predicted CRF. We find that the best lag is -3 ± 18 m.y. This implies that the results are consistent with our CRF diffusion model and astronomical data on the spiral arm location. They are only marginally consistent with other possible galactic models, which predict (Shaviv, 2002b) that the actual spiral arm crossing took place ~30 m.y. before the midpoint of the high CRF-climate episode. If we include an independent analysis of the lag in the correlation between the spiral arm passages and apexes of icehouses (Shaviv, 2002b) , we can exclude these alternative models at the 98% confidence level.
THE MODEL IMPACT OF CO 2
Realizing that the pCO 2 reconstructions are internally inconsistent, the conservative point of view is to assume at the outset that the entire residual variance that is not explained by the measurement error is due to pCO 2 variations. From the model fit, we find that the temperature variance 7 σ T(CO 2 ) 2 attributable to such a "pCO 2 " is at most (0.62°C) 2 . To further quantify the effect of "pCO 2 ," we need to know its variance. Considering that we are not aware of any mechanisms that would stabilize the Phanerozoic pCO 2 at today's values, particularly in view of the large sources and sinks, we assume that these variations span the entire range of the existing pCO 2 models (Fig. 1 ). With variations of this magnitude, the doubling of CO 2 can account for about (σ T(CO 2 ) 2 /σ ln(pCO 2 ) 2 ) 1/2 ln(2) ~ 0.5°C. A higher impact could be possible only if it is assumed that the Phanerozoic pCO 2 oscillations were limited to values close to the present-day levels.
It is entirely possible that none of the reconstructed Phanerozoic pCO 2 curves ( Fig. 1) is a true representation of reality. Nonetheless, we also tested eight scenarios that assume that one of the reconstructed Phanerozoic pCO 2 trends ( Fig. 1 ) is validated. To do this, we reintroduced the third term into equation 1 and considered the impact on temperature by a combined CRF and CO 2 forcing. 8 We find that, depending on the model, the introduction of CO 2 as a driver reduces the σ min 2 [≥32.1(°C) 2 ] by only 0.5-1.5(°C) 2 , compared to 0.2-5(°C) 2 for models that do not include CRF as a driver. That is, there is no statistically significant correlation between pCO 2 and reconstructed temperature, and we cannot therefore estimate the actual driving impact of CO 2 . We can, however, estimate the upper bounds of model uncertainty in terms of temperature that, potentially, could be attributable to CO 2 forcing. This we can do by looking at the errors on the parameter C. Such formal 90% confidence limits are 0.91, 0.92, and 1.14 °C for the Berner and Streif, GEOCARB III, and Rothman reconstructions, respectively. At the 99% confidence limit they are 1.67, 1.46, and 1.93 °C (Table 2 ). In summary, we find that with none of the CO 2 reconstructions can the doubling effect of CO 2 on low-latitude sea temperatures be larger than ~1.9 °C, with the expected value being closer to 0.5 °C. These results differ somewhat from the predictions of the general circulation models (GCMs) (IPCC, 2001) , which typically imply a CO 2 doubling effect of 1.5-5.5 °C global warming, but they are consistent with alternative lower estimates of 0.6-1.6 °C (Lindzen, 1997).
As a qualifier, one should note that global temperature changes should exceed the tropical ones because the largest -----6 Although the astronomical data points to two possible spiral arm pattern speeds, a theoretical argument based on the observed outer extent of the galactic spiral arm and the spiral arm density wave theory can be made (Shaviv, 2002b) . This theory, which nicely explains the spiral arm behavior in non-flocculent spiral galaxies (e.g., Binney and Tremaine, 1987) , can be used to show that the observed four-armed spiral structure extending to about twice our galacto-centric radius is only consistent with a narrow range of values, including the spiral arm pattern speed which fits the meteoritic and geological data. The same argumentation can be used to show that the four-armed structure cannot extend significantly inward from our galactic radius. Since spiral arms are apparent also within our radius, they should be either two-armed, have a different spiral arm pattern speed, or both. This could naturally explain the "bimodality" in the astronomical measurements of the pattern speed. It is yet to be explained why the second number is not seen in either the meteoritic or geological data. -----8 In order to calculate the impact of combined CRF and CO 2 forcing we used the functional form ƒ = 1.236 [ln(c + 0.0005c 2 ) -ln(c 0 + 0.0005c 0
2 )] to which the radiative driving is expected to be proportional (Hansen et al., 1998) . The cs are the reconstructed CO 2 histories in ppm, with c 0 = 280 ppm. The normalization is such that the value of C is the temperature increase associated with a doubled pCO 2 . We also considered ƒ= ln(c/c 0 ) and ƒ = c -c 0 . The former option yields similar limits on C, while the latter results in more stringent limits. temperature variations are in the high-latitude regions for which we do not have any isotope record. A review of GCMs (IPCC, 2001) shows that the globally averaged warming from CO 2 is expected to be typically 1.5 times larger than that of the tropical temperatures, and our model uncertainty limits should therefore be modified accordingly. Note also that the bootstrapping "compound error" includes, among others, any error associated with the ice volume correction. Taking an unrealistic ultimate scenario that assumes no ice volume correction at all, the amplitude of temperature oscillations in Figure 2 could be almost doubled. While these and similar considerations may help in expanding somewhat the above calculated temperature limits potentially attributable to CO 2 , they will not alter the relative importance of the celestial-CO 2 forcings. The model impact of CRF will increase in tandem with that of CO 2 for any change in the amplitude of ∆T. As a final qualification, we emphasize that our conclusion about the dominance of the CRF over climate variability is valid only on multimillion year time scales. At shorter time scales, other climatic factors may play an important role, but note that many authors (see previous references) suggest a decisive role for the celestial driver also on multi-millennial to less than annual time scales.
POTENTIAL IMPLICATIONS
Our approach, based on entirely independent studies from astrophysics and geosciences, yields a surprisingly consistent picture of climate evolution on geological time scales. At a minimum, the results demonstrate that the approach is potentially viable, as is the proposition that celestial phenomena may be important for understanding the vagaries of the planetary climate. Pending further confirmation, one interpretation of the above result could be that the global climate possesses a stabilizing negative feedback. A likely candidate for such a feedback is cloud cover (Lindzen, 1997; Ou, 2001) . If so, it would imply that the water cycle is the thermostat of climate dynamics, acting both as a positive (water vapor) and negative (clouds) feedback, with the carbon cycle "piggybacking" on, and being modified by, the water cycle (Nemani et al., 2002; Lovett, 2002; Lee and Veizer, 2003) . It is our hope that this study may contribute to our understanding of the complexities of climate dynamics and ultimately to quantification of its response to potential anthropogenic impact.
Boucot, A.J., and Gray, J., 2001, A critique of Phanerozoic climatic models involving changes in the CO 2 content of the atmosphere: Earth Science Reviews, v. 56, p. 1-159. Caillon, N., Severinghaus, J.P., Jouzel, J., Barnola, J. This volume aims to illustrate the current state of knowledge of the globally warm early Paleogene and to forge links among research conducted in different regions from different perspectives. Its 36 papers are organized into four sections that cover a variety of aspects of the Paleogene warm climate problem: "Climate Mechanisms and Models," "Marine Biotas, Environments, and Climate Change," "Continental Biotas, Environments, and Climate Change," and "Integrated Stratigraphic Framework." The volume is notable in that it is broad geographically, disciplinarily, taxonomically, and temporally, with an equally impressive variety of approaches. The conference from which this volume emerged ("Climate and Biota of the Early Paleogene" held in Powell, Wyoming, in July 2001) was the most recent in a series of conferences devoted to the Paleogene, all of which have had the goal of encouraging the integration of research across the usual lines of terrestrial versus marine, geochemical versus paleontological, and modeling versus observational. 
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GSA-SPONSORED SHORT COURSES
GSA short courses will be held immediately before the Annual Meeting and are open to members and nonmembers. If you register for only a short course, you must pay a $40 nonregistrant fee in addition to the course fee. The $40 may be applied toward meeting registration if you decide to attend the meeting. Preregistration is recommended; on-site registration is an additional $30. Cancellation Deadline: Oct. 3, 2003.
Continuing Education Unit (CEU) Service
All courses sponsored by GSA offer CEUs. A CEU is defined as 10 contact hours of participation in an organized continuing education experience under responsible sponsorship, capable direction, and qualified instruction. A contact hour is defined as a typical 60-minute classroom instructional session or its equivalent. Ten instructional hours are required for one CEU. For CEU recordkeeping purposes, please be sure to include your social security number on the online registration form.
Applications of Environmental
Isotopes This course will present an overview of all aspects of environmental project management. We will cover applicable federal and state environmental laws and regulations and discuss how they are applied to ensure regulatory compliance and protection of human health and the environment. The science of project management, including applications of chemistry, biology, toxicology, geology, and hydrology, will be presented. We will also discuss in detail pollution prevention, emergency preparedness, health and safety issues, regulatory permitting, risk assessments, sampling and monitoring protocols, remediation options, professional liability and ethics, and project management skills. An optional exam will be offered following the course for those interested in Registered Environmental Management (REM) certification through the National Registry of Environmental Professionals (NREP). Contact the instructor for more information about the NREP test and certification. Faculty: Raymond C. Kimbrough, P.E. LaMoreaux & Associates, Inc., Tuscaloosa, Alabama; B.A., University of Alabama. Limit: 30. Fee: $500; includes course manual and lunch. CEU: 0.8.
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South-Central Section
This Penrose Conference will evaluate the present state of knowledge of the source and evolution of magmas that form in a continental-margin volcanic setting. Discussion will include petrology and origin of subduction-related magmas, the complexities of volcanic styles that promote explosive eruptions, sector collapse of volcanoes and domes, volcaniclastic sedimentation, and related volcanic hazards. We'll compare different case scenarios of continental-margin volcanic belts in the Americas, such as the Andes, the Central America Volcanic Arc, the Mexican Volcanic Belt, the Cascades, and the Aleutians. In order to achieve these objectives, we will gather scientists interested in these topics who have enough knowledge and experience to make important contributions during this event. We'll also carry out a 2-day field trip to Popocatépetl active volcano.
The conference is cosponsored by the International Association of Volcanology and Chemistry of the Earth's Interior (IAVCEI). Immediately after this conference, an IAVCEI workshop titled "Neogene-Quaternary continental margin volcanism: The Mexican Volcanic Belt" will be held in the form of a field trip to other locations in the Mexican Volcanic Belt, where discussion of calderas, cinder cone fields, debris avalanche deposits, stratovolcanoes, etc. will continue.
The Penrose Conference includes the following topics:
1. Origin and petrology of continental margin volcanism:
examples from the Americas.
2. Petrology of the Mexican Volcanic Belt: a summary of 25 years of continuous research.
3. Chemical composition and physical role of gases associated to continental margin volcanism.
4. Lava domes and block-and-ash flow eruptions.
5. Explosive silicic volcanism and sedimentation processes.
6. Sector collapse, debris avalanches, and lahars.
7. Volcanic risk and hazard mitigation in continental margin volcanic settings.
Field Trip to Popocatépetl
The first day will be dedicated to visiting the base of Popocatépetl volcano summit cone (www.cenapred.unam.mx/ UIVR.html) near Paso de Cortés and Tlamacaz mountaineering lodge. Popocatépetl's modern cone consists of andesitic and dacitic lava flows intercalated with pyroclastic deposits. Its crater has an elliptical shape with a major axis of 800 m and a minor axis of 600 m. The major axis is oriented ENE-WSW. The highest crater rim and the summit (5452 m) are located in the WSW, and the lowest crater rim (5250 m) is in the ENE. Popocatépetl's present summit cone is built on the remnants of at least three previously existing edifices.
During the second day we will observe the effects of repeated laharic flooding in the basin of Puebla at the eastern slopes of Iztaccihuatl volcano. During the climactic phases of Popo's past, Plinian eruptions the wind at high altitudes was mostly blowing toward the NE. For this reason large quantities of pyroclastic material were deposited on the NE slope of Popocatépetl as well as 
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You can now post your profile on the GSA Web site and receive international exposure. Employers looking for candidates that match your qualifications can view your information, and can contact you directly to express interest. You may register at any time throughout the year, and can add to or revise your profile as long as your registration is current. A oneyear listing for GSA Members and Associates in good standing is $35; for nonmembers the cost is $65 (and includes $30 toward membership). To register, go to www.geosociety.org/profdev/ems_app. htm. Let GSA help you find the right job! Employers: Find the perfect match for your position.
You can save time and resources in your search for qualified employees throughout the year by using GSA's database of job-seeking geoscientists. Complete the Employer's Request for Geoscience Applicants form on the GSA Web site at www.geosociety.org/profdev/ ems_emp.htm. Specify educational and professional experience requirements as well as the area or areas of expertise your applicant should have. You will be able to access and print the online profiles of matching candidates, complete with information on areas of specialty, type of employment desired, degrees held, years of professional experience, publications, and current employment status. The cost of access to applicants in one or two geoscience fields is $175. Each additional field selected is $50. Access to the entire applicant database is available for $300. It is solely the employer's decision to contact applicants who interest them; we do not notify applicants of matches. Employers using the matching service are invited, at no additional cost, to have their position announcement posted for three months on the GSA Web site.
Employment Interview Service at the Annual Meeting
If at all possible, take advantage of GSA's Employment Interview Service, which is conducted each fall in conjunction with the Society's Annual Meeting. The onsite service traditionally brings more than 150 applicants together with 40 or so employers for face-to-face interviews. Mark your calendar now for the onsite interview service at the GSA Annual Meeting, in Seattle, Washington. Interviews will be conducted Monday, November 3 through Wednesday, November 5; interview scheduling will start on a first come, first served basis at noon on Sunday, November 2, and will continue through Wednesday.
APPLICANTS:
The earlier you register with the service, the more time employers will have to find your profile online. Indicate on your profile that you would like to interview in Seattle. Employers also will have onsite access to your information and profile. Even if you decide to take part at the last minute, you can register with the service onsite and schedule interviews.
EMPLOYERS:
When you rent interview space at GSA's Annual Meeting, our staff will schedule interviews for you. Plus, you'll have access to the entire applicant database and profiles, a message center, ongoing posting of job openings, on-site applicant registration and profile updating, and photocopying services. Space is rented in half-day increments. Or you can forego the interview booth, but use all the other services with the Message Center Only option. We offer flexibility and service-it's your choice! 
GSA Employment Service is now online!
on the E slope of Iztaccihuatl. After the eruption this material was quickly removed in the form of rain-lahars which extensively flooded the Puebla basin and destroyed several important settlements such as Cholula, Xochitecatl, and Cacaxtla. We will visit the important archaeological sites of Xochitecatl and Cacaxtla, both of which were abandoned in the 9th century as a result of the devastation of the region by lahars derived from Iztaccihuatl.
The conference is limited to 150 participants. We encourage interested graduate students to apply since some partial subsidies will be available. The registration fee of $480 US will cover lodging, meals, field trip, and all other conference costs, except personal incidentals. Participants will be responsible for transportation from their place of residence to the Mexico City International Airport, where we will meet.
At the airport, bus transportation for the participants to the conference place will be available and is included in the cost. Further information on travel will be provided in the letter of invitation but is also available at http://www.turismopuebla. com.mx/.
All participants will be encouraged to present posters on their current research related to the topics of the meeting and significant time will be devoted to view and discuss these.
Cultural Activities
Metepec, and the nearby cities of Atlixco (www.atlixco.gob.mx), Cholula, and the city of Puebla offer a variety of cultural attractions. Cholula is the site of the largest (by volume) pyramid in Mexico (www.tourbymexico.com/puebla/ cholula/cholula.htm, www.logicnet.com. mx/~zac450/cholul_e.html). Enjoy a spectacular view of the city of Puebla and several stratovolcanoes from the colonial church constructed atop the pyramid by Spanish conquerors, or visit the many colonial churches and museums in the area. Guided tours to these sites can be arranged prior to or after the meeting. The GSA Teacher Advocate Program, a new program that will begin in July, will focus on geoscience teaching resources and activities. The program's goal is to promote the geosciences to school students and families through active and enthusiastic teacher advocates. This will be accomplished by:
■ Providing up-to-date curriculum-linked geoscience teaching resources to schoolteachers across the U.S. and beyond. The curriculum will be developed by professionals who have had recent classroom teaching experience.
■ Providing field activities for teachers so they can experience the importance, relevance, and wonder of geoscience first-hand.
The resources produced for teachers will cover plate tectonics, climate change, paleontology, volcanology, landforms, earthquakes, and rock and mineral identification. These resources will help teachers make geoscience exciting for their students through the use of activities, images, and models. Based on a similar Australian program, the GSA Teacher Advocate Program has the potential for enormous impact within the U.S.
Teachers will also have the opportunity to experience the wonders of the earth through field activities at some of the most extraordinary geologic locations on Earth. How much better will their teaching be after they have experienced first-hand the mighty work of a glacier or the sight, smell, and sound of a volcanic eruption? Promoting teacher enthusiasm for the geosciences is the whole key to this program.
GeoCorps America continues to make a difference for young geoscientists by involving them in projects in our national parks and forests, where they also have the opportunity to interact with park visitors. We've received 350 applications for this year's 36 summer positions; the success of this program has been enhanced by the high-quality applicants who are chosen to participate. Both Shell Oil Company and the American Geological Institute have recently made contributions to the future of young scientists by donating to GeoCorps.
Support for E&O
Support for these two programs is vital. If you would like to donate to GeoCorps America or the GSA Teacher Advocate Program, please check the coupon below and return it to the GSA Foundation. You can also donate online at www.geosociety.org/gsaf.
GSA Foundation Update
Donna L. Russell, Director of Operations
Enclosed is my contribution in the amount of $____________. 
GSA Foundation
Most memorable early geologic experience
As a child during World War II, I tasted water bailed from an oil well, found it salty, and thought there had to be an ocean down there. I've been looking for ancient oceans ever since.
-Don Woodrow 
Field Trips
In a special evening lecture, Stefan Schmid provided an excellent introduction to the three days of excursions, summarizing the regional geology of Switzerland and current thinking on the architecture and tectonics of the Alps. A highlight of his talk was a very new interpretation of seismic data obtained by the Transalp project, which transects the eastern Alps close to the Brenner Pass. In contrast to a similar project in the western Alps that identified a southward-dipping lithospheric slap, the transect in the eastern Alps seems to indicate two oppositely dipping slaps. The south-dipping one may be the continuation of that seen in the western Alps, whereas the north-dipping one may correspond with the Dinaride system. The Laghetti shear zones of Maggia Nappe of the Central Alps. Conference participants saw, crawled over, and photographed classic examples of shear zones developed during the Alpine deformation of pre-Alpine basement granitic and dioritic rocks. The complex geometry of and interconnections of shear zones are apparent in these examples. Structures in the main nappe flat zone and steeply dipping "root zone" of the Penninic region. Well-exposed complex folding of crystalline basement and Mesozoic marbles was studied in the walls of the Verzasca hydroelectric dam. Later, the group investigated the spectacular basement outcrops at Lavertezzo in Val Verzasca, where the gneissic banding shows geometrical forms characteristic of superposed folds. These folds are cut by late Alpine aplite and pegmatite dykes. Ductile mylonitic structures in the Alpine root zone and in the IvreaVerbano zone. Complex folding of pegmatite veins in the Monte Rosa root zone north of Arcegno shows that deformation was proceeding as Alpine pegmatites were being intruded into the basement gneisses. A complex history of ductile deformation, mylonite formation, and semibrittle and brittle shear zones can be deciphered in the Ivrea-Verbana zone in road sections just west of Monte Verita.
A field guide to these superb outcrops, written by Stefan Schmid, Hermann Lebit, Catalina Lüneburg, John Ramsay, Dorothee Dietrich, and Djordje Grujic, is available. Contact Hermann Lebit, hlebit@westga.edu, for details.
Pre-Conference Trip
Prior to the conference, 25 participants undertook a nine-day excursion transecting the Swiss Alps from the external parts to the orogenic core. The trip started with the Glarus thrust, the classic basal thrust of the Helvetic nappes in Eastern Switzerland. The architecture of the Helvetic nappes and the subalpine Molasse was studied around Lake Lucerne. Moving toward the southwest and more internal zones, attention was then focused on basement-cover relations and reactivation of pre-Alpine structures in the Aiguilles Rouges Massif of Western Switzerland. In the overlying Morcles fold nappe, the group examined structures and strain features that indicate changes in transport direction during nappe emplacement. Moving to the internal zones, multiple phases of Alpine deformation and associated structures and fabrics were studied in the Pennine units of the Central Alps. Excellent exposures of tectonic and sedimentary structures were examined along a section through amphibolitefacies Mesozoic metasediments at Nufenen Pass. Fold interference patterns and complex superposed strains are well exposed in the metamorphic cover rocks of the Lepontine nappes. Outcrops of strongly deformed conglomerates in the Lebendun nappe exposed in the Cristallina area provided a wonderful opportunity for discussing the significance of stretching lineations as kinematic indicators.
The three-dimensional geometry and kinematics of late alpine tectonics were studied at the Simplon normal fault, which is a spectacular example of how pre-existing structures from the contractional phase of deformation became modified during late orogenic extension. Pre-existing structures are overprinted by progressively intense brittle deformation in the hangingwall and ductile deformation in the footwall as the shear zone is approached from either side.
The pre-conference field trip benefited greatly from the support and participation of local experts, and we wish to thank David Durney, Martin Burkhard, Neil Mancktelow, Eva Klaper, and Djordje Grujic for sharing their expertise with the group. John Ramsay, Dorothee Dietrich, Flavio Amselmetti, and other colleagues contributed to the field guide, which was compiled by Hermann Lebit and Catalina Lüneburg.
At the close of the conference, participants expressed strong interest in contributing papers to a special publication based on the theme of the conference. With the approval of GSA, the conveners have made arrangements for papers stemming from the conference to be published in a special issue of the Journal of Structural Geology.
About People
Ellen Bergfeld was named executive vice president to lead three scientific, educational societies headquartered in Madison, Wisconsin: the American Society of Agronomy, the Crop Science Society of America, and the Soil Science Society of America, a GSA Allied Society.
GSA Fellow Gordon P. Eaton received a special honor at Iowa State University on April 11, 2003. Eaton, who was president of Iowa State from 1986 to 1990, celebrated the official naming of a new, 86,000 square foot student residence: Gordon P. Eaton Hall. Eaton, a GSA member since 1954, retired as director of the U.S. Geological Survey in 1997, and is a GSA Foundation Trustee.
GSA member Geoffrey O. Seltzer, associate professor of geology in the College of Arts and Sciences, was recently honored for being named Alumni Associate Professor at Syracuse University. Syracuse Vice Chancellor and Provost Deborah A. Freund announced the prestigious honor at a campus ceremony March 25.
Tyler Prize Seeks Nominations
The Tyler Prize for Environmental Achievement is seeking nominations for its 2004 laureate. The Tyler Prize awards $200,000 (joint winners share the cash prize) for exceptional work in one of the following areas: (1) protection, maintenance, improvement, or enhanced understanding of ecology and environment; (2) discovery of new sources of energy, or the further development, improvement, or enhanced understanding of those sources; or (3) medical discoveries or achievements that significantly benefit the environmental aspects of human health worldwide. Nominations should be sent by e-mail to tylerprz@usc.edu and must include: the nominator's name, mailing address, present occupation title and institution title, the nominee's vita or resume, a one-page statement of the nominee's accomplishments, three or more letters of reference (mailed directly to 
Student Research Grants in Mathematical Geology
The Student Grants Program of the International Association for Mathematical Geology (IAMG) supports graduate student research in broad areas of mathematical geology for the purposes of advancing the development and application of quantitative methods in the geosciences. Recipients of the awards, which typically amount to US$2,000, must be enrolled in a formal university program in which they are pursuing a graduate degree. 
Meetings Calendar
Visit www.geosociety.org/calendar/ for a complete list of upcoming geoscience meetings.
C L A S S I F I E D A D V E R T I S I N G
Positions Open SENIOR MANAGING SCIENTIST/PRINCIPAL
Exponent is a leading independent consulting firm providing solutions to complex engineering and scientific problems. We are currently seeking a Senior Managing Scientist/Principal for our Environmental practice. This specific requisition is posted with the intent of locating the position in our Boulder, Colorado office. Other locations may be arranged based on qualifications and requirements of the applicant.
The individual in this position will have 15+ years of experience in issues related to the environmental sciences (e.g., soil science, hydrogeology, geochemistry, or environmental engineering), have developed lasting client relationships, be a recognized expert is his/her own field, be able to generate enough work to support other fulltime staff, and be good at managing a group of highly motivated staff. Testifying experience in trials and before government panels is a plus. The ideal candidate will be committed to continuing to expand his/her own expertise through peer-reviewed publications and to developing the careers of less senior scientists.
This position requires a Masters or Doctoral degree in geology, soil science, hydrogeology, geochemistry, environmental engineering, or related discipline. Additional requirements include established client base and marketing record.
Exponent offers an excellent benefits package, including a 401(k) Retirement Program, with a 7% company contribution. For confidential consideration, please contact: Human Resources, Req. #1348KB, by fax 650 328 3049; or by email: hr@exponent.com See our web site for this and other openings at www.exponent.com.
STRATIGRAPHY/SEDIMENTOLOGY CALIFORNIA STATE UNIVERSITY
AT BAKERSFIELD (CSUB) The Department of Physics and Geology at California State University at Bakersfield (CSUB) announces a one year sabbatical replacement position in stratigraphy/sedimentology to be filled as at the lecturer level. A Ph.D. in the geological sciences is preferred but PhD candidates will also be considered. Experience with the stratigraphy of the San Joaquin Valley is also preferred but not required. The successful candidate would demonstrate a strong commitment to sharing in department responsibilities toward the education of K-12 teachers-in-training as well as majors courses. The successful candidate will also be expected to teach a graduate-level course in his/her area of expertise.
The geology program at CSUB has both undergraduate and masters degree programs. The department is equipped with aqueous chemistry and hydrology labs, an automated XRD, an ICP-MS, an SEM-EDX, a research petrography lab, a sedigraph and field geophysics equipment. The California Well Sample Repository houses the largest public collection of oil and water well cores and cuttings in California. The Geotechnology Training Center includes six SGI Octane workstations, 12 PCs, and surface and subsurface mapping software.
California State University at Bakersfield is a regional comprehensive university, which prides itself in a liberal arts approach to undergraduate education and small, high-quality graduate programs. It has an enrollment of approximately 8,000 students and resides in a rapidly growing community of over 400,000 people in the southern San Joaquin Valley of central California. The campus is conveniently located near popular beach, mountain, and desert attractions and is a two-hour drive from Los Angeles.
The Agencies and organizations may submit purchase order or payment with copy. Individuals must send prepayment with copy. To estimate cost, count 54 characters per line, including all punctuation and blank spaces. Actual cost may differ if you use capitals, centered copy, or special characters.
GSA Bulletin seeks a co-editor beginning July 1, 2004, for a four-year term. A phased transition will begin in the spring of 2004.
GSA will provide a part-time assistant, pay the costs of maintaining an editorial office, and reimburse journal-related travel expenses. Discretionary funds also are available.
Details on editor duties and desired qualifications are posted at www.geosociety.org. Go to "Publications Services," then to "Science Editors." If you are interested in this opportunity to help guide GSA Bulletin, one of the premier geoscience journals, submit a résumé and a letter describing relevant qualifications, experience, and objectives. If you are nominating someone, include a letter of nomination and the nominee's written permission and résumé. Send nominations and applications to Jon Olsen, Director of Publications, GSA, P.O. Box 9140, Boulder, CO 80301. Deadline: December 31, 2003.
Call for Applications
and Nominations for GSA Bulletin Editor
